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Abstract
Aleutian mink disease virus (AMDV) is the causative agent of Aleutian disease (AD), which affects mink of all genotypes and
also infects other mustelids such as ferrets, martens and badgers. Previous studies have investigated diversity in Finnish
AMDV strains, but these studies have been restricted to small parts of the virus genome, and mostly from newly infected
farms and free-ranging mustelids. Here, we investigated the diversity and evolution of Finnish AMDV strains by sequencing
the complete coding sequences of 31 strains from mink originating from farms differing in their virus history, as well as
from free-ranging mink. The data set was supplemented with partial genomes obtained from 26 strains. The sequences
demonstrate that the Finnish AMDV strains have considerable diversity, and that the virus has been introduced to Finland in
multiple events. Frequent recombination events were observed, as well as variation in the evolutionary rate in different parts
of the genome and between different branches of the phylogenetic tree. Mink in the wild carry viruses with high intra-host
diversity and are occasionally even co-infected by two different strains, suggesting that free-ranging mink tolerate chronic
infections for extended periods of time. These findings highlight the need for further sampling to understand the
mechanisms playing a role in the evolution and pathogenesis of AMDV.
INTRODUCTION
Aleutian mink disease virus (AMDV), a member of the fam-
ily Parvoviridae and genus Amdoparvovirus [1–3], belongs
to the species Carnivore amdoparvovirus 1 [4]. It has an ico-
sahedral, non-enveloped virion and a 4.7 kb ssDNA genome
[2, 5, 6], which encodes two structural proteins (VP1 and
VP2) and three non-structural proteins (NS1, NS2 and
NS3) [1, 7–9]. AMDV causes Aleutian disease (AD), one of
the most important infectious diseases of farmed mink,
causing significant welfare problems for the animals as well
as financial losses to the farmers. AMDV induces high anti-
body titres, plasmacytosis and immune complex disease, the
clinical signs of which range from subclinical to severe and
fatal [10]. Despite the efforts to identify, diagnose and eradi-
cate it, AD has spread to all mink-producing countries [11].
AMDV is resistant to many standard physical and chemical
treatments, making it difficult to destroy the virus and pre-
vent its spread [12, 13].
AD was first described in 1956 in the USA [14], and soon
thereafter in Sweden and Denmark [11], being detected first
in the highly susceptible Aleutian-type mink but later
reported in other mink genotypes as well [11]. The virus
likely existed in wild mink long before the first Aleutian-
type mink were born in 1941, but it remained undetected
until the disease-susceptible Aleutian mink was bred [15].
Currently, AD diagnosis is based on pathological findings,
on serological methods such as counterimmunoelectropho-
resis and ELISA, and on PCR [16–18]. In Finland, most
farmed mink are annually screened with automatized
ELISA, with the seroprevalence of mink tested from 1980 to
2014 fluctuating between 3 and 60% [19].
In addition to mink, AMDV infects a wide range of other
species like ferrets, polecats, martens, otters, raccoons,
striped skunks, bobcats and common genets [19–22]. Other
amdoparvoviruses have been found from striped skunks,
raccoons and foxes [3, 23–26].
Received 13 June 2018; Accepted 9 November 2018; Published 10 December 2018
Author affiliations: 1Department of Veterinary Biosciences, Faculty of Veterinary Medicine, University of Helsinki, Agnes Sjöbergin katu 2, 00790,
Helsinki, Finland; 2Department of Virology, Faculty of Medicine, University of Helsinki, Haartmaninkatu 3, 00290, Helsinki, Finland.
*Correspondence: Jenni Virtanen, jenni.me.virtanen@helsinki.fi
Keywords: AMDV; NGS; phylogeny; molecular epidemiology.
Abbreviations: AD, Aleutian disease; AMDV, Aleutian mink disease virus; dNTP, deoxyribonucleotide triphosphate; GTR, general time-
reversible model; HDP, highest posterior density; HKY, Hasegawa Kishino Yano model; MRCA, most recent common ancestor; NGS, next generation
sequencing.
†Present address: Anna Knuuttila, Fimmic Oy, Helsinki, Finland.
GeneBank accession numbers for the sequences are MG821234–MG821259 and MG821261-MG821309.
Three supplementary figures and three supplementary tables are available with the online version of the article.
RESEARCH ARTICLE
Virtanen et al., Journal of General Virology 2019;100:227–236
DOI 10.1099/jgv.0.001187
001187 ã 2019 The Authors
227
Studies on the molecular epidemiology of AD in Finland
have mainly focused on newly infected farms or free-
ranging animals, and only partial sequences are known [19,
27]. Here we sequenced complete or partial sequences of
Finnish AMDV strains from newly infected farms and
farms that had struggled with the disease longer. We also
recovered additional complete sequences from free-ranging
mink. These sequences were compared with each other and
global strains [28–33] to understand diversity, phylogeny
and transmission of the virus in Finland.
RESULTS
AMDV sequenced with next generation and Sanger
sequencing
We obtained 52 samples from Finnish fur farms and 45
free-ranging mustelid samples from Finland and Estonia
[19], all of which were known to be AMDV-positive. From
these 97 samples, we attempted to sequence the whole
AMDV coding sequence in one part or in two fragments
using a previously published approach [29] with modified
primers. The entire coding sequence was acquired from 31
samples, including nine free-ranging mink and 22 farmed
mink, and a sequence missing the first 1500 bp was acquired
from three additional samples (F4, F9 and F11). Only
smaller AMDV fragments were obtained from mink F31
and marten W106, and no sequence was obtained from the
rest of the samples with this method.
Smaller fragments of the genome were sequenced from the
samples of farmed mink if whole-genome sequencing was
unsuccessful. This was done by using two PCR reactions
targeting either nt 578–951 or nt 1662–2302 (nt sites are
according to strain AMDV-G (GenBank accession no.
M20036.1) throughout the manuscript). With this
approach, we obtained additional sequences from 17 sam-
ples. Four additional partial sequences (same two regions)
from Finnish farm samples (F45–F48) were also included in
further analysis. Altogether, we obtained AMDV sequences
from 57 strains (Table 1).
Co-infections
To study the presence of possible co-infections, we ran-
domly selected six farm strains (F1, F2, F19, F46, F32 and
F43) and all nine free-ranging strains for analysis. We
amplified one of the regions (nt 578–951), cloned the PCR-
product, and obtained sequences from seven to ten clones
of each sample. Based on the acquired sequences and a
neighbour-joining tree built from those (Fig. S1, available in
the online version of this article), none of the farmed mink
seemed to be infected by multiple strains whereas one of the
free-ranging mink (W249) was infected by two distinct virus
strains. Hence, W249 was excluded from further analysis.
General description of the sequences
Non-structural proteins of all the sequenced strains had the
same length: NS1 of 641 aa and NS2 of 114 aa. The length
of the VP1 was either 689 or 690 aa, and that of VP2 646 or
647 aa, with some of the strains having one aa deletion in
the hypervariable region (aa 232–243 of VP2). The pairwise
nucleotide distances of the entire coding sequences (nt 206–
4349) were almost equally high between the Finnish strains
(0–8.6%) as they were between all the sequenced strains
from this study and GenBank (0–9.3%). There was no sig-
nificant difference in distances within Finnish farm strains
(0–8.2%) or Finnish free-ranging strains (1.0–7.9%). Dis-
tances were higher within the NS coding region (0–13.2%,
nt 206–2213) than the VP coding region (0–6.2%, nt 2206–
4351) using all sequenced complete coding regions. Distan-
ces within farms ranged from 0 to 0.6%, apart from farm
19, which had a mean distance of 6.7% based on nt 578–
951.
Variation within samples
To study the frequencies of single nucleotide polymor-
phisms within samples, the quality filtered next generation
sequencing (NGS) reads were assembled against the consen-
sus sequence of a given sample, and the frequency of single
nucleotide variants in each sequence position was calcu-
lated. AMDV strains sequenced from free-ranging mink
had a significantly higher intra-strain variant frequency
than strains sequenced from farmed mink (Fig. S2). The
mean variant frequency in complete coding sequences was
2.1110 3 for free-ranging strains and 5.5210 4 for farm
strains (Mann–Whitney U-test, P<0.01). The respective fre-
quencies for free-ranging and farmed strains were
2.1910 3 and 8.5510 4 (P<0.01) when the NS coding
region of the genome was used (nt 206–2211) and
2.0710 3 and 3.1010 4 (P<0.01) for the structural part
of the genome (nt 2206–4349). The intra-strain variant fre-
quencies of the farm strains were also higher in the NS cod-
ing region compared to the structural region (related-
samples Wilcoxon signed-rank test, P<0.01). The difference
between these two genome regions was not statistically sig-
nificant in the virus strains sequenced from the free-
ranging mink.
Complete coding sequences analysed for
recombination
We searched for possible recombination events in all 30 com-
plete coding sequences with Simplot and sevenmethods imple-
mented in the package RDP V4.95. RDP detected potential
recombination in 20 sequences. Events that were detected by at
least four programs, together with their P-values, are presented
in Table S1. Phylogenetic trees were then constructed from nt
1–700, 1165–1864 and 2446–3443 where RDP did not detect
any clear evidence of recombination. Four sequences repre-
senting the Danish outbreak [30] and all the other AMDV
strains for which the complete coding sequences and sampling
years are available in GenBank were also included. To visualize
the recombination events, the sequences were classified into
three groups according to highly supported deep nodes in a
phylogenetic tree constructed from nt 1–700 (Fig. 1a). Based
on this region, all sequences clustered into three groups
(referred to as A–C) and further into several sub-clusters. The
phylogenetic trees constructed based on different genomic
regions were clearly incongruent. While three major clusters
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Table 1. Sample information
Sample ID Farm no. AMDV status* Parts sequenced† Country/region GenBank accession no.
F1 1 AMDV free 98–4447 Finland/Ostrobothnia MG821234
F2 2 AMDV free 98–4447 Finland/Ostrobothnia MG821235
F3 2 AMDV free 98–4447 Finland/Ostrobothnia MG821236
F4 3 AMDV free 1469–4447 Finland/Northern Ostrobothnia MG821265
F5 4 AMDV free 94–4439 Finland/Ostrobothnia MG821237
F6 5 AMDV free 98–4447 Finland/Central Ostrobothnia MG821238
F7 6 AMDV free 127–4429 Finland/Ostrobothnia MG821239
F8 7 AMDV free 98–4446 Finland MG821240
F9 8 AMDV free 1469–4447 Finland/Central Ostrobothnia MG821266
F10 8 AMDV free 589–940, 1677–2288 Finland/Central Ostrobothnia MG821270, MG82129
F11 9 AMDV free 1469–4439 Finland MG821267
F12 10 AMDV free 98–4447 Finland/Southern Ostrobothnia MG821241
F13 11 AMDV free 143–4439 Finland MG821242
F14 12 AMDV free 98–4447 Finland/Ostrobothnia MG821243
F15 12 AMDV free 98–4447 Finland/Ostrobothnia MG821244
F16 13 AMDV free 98–4447 Finland/Central Ostrobothnia MG821245
F17 20 AMDV free 578–951 Finland/Ostrobothnia MG821271
F18 21 AMDV free 578–951, 1676–2296 Finland/Northern Ostrobothnia MG821272, MG821292
F19 22 AMDV free 589–942, 1682–2290 Finland/Southern Ostrobothnia MG821273, MG821293
F20 23 AMDV free 578–942, 1676–2294 Finland/Ostrobothnia MG821274, MG821294
F22 24 AMDV free 589–941, 1676–2294 Finland/Southern Ostrobothnia MG821275, MG821295
F23 26 AMDV free 589–940, 1682–2291 Finland/Central Ostrobothnia MG821276, MG821296
F24 14 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821246
F25 14 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821247
F26 14 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821248
F27 14 AMDV positive 98–4446 Finland/Northern Ostrobothnia MG821249
F28 15 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821250
F29 15 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821251
F30 15 AMDV positive 151–4429 Finland/Northern Ostrobothnia MG821252
F31 15 AMDV positive Fractions between 146–3111‡ Finland/Northern Ostrobothnia MG821268
F32 15 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821253
F33 15 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821254
F34 15 AMDV positive 98–4447 Finland/Northern Ostrobothnia MG821255
F35 16 AMDV positive 578–951, 1675–2294 Finland/Northern Ostrobothnia MG821277, MG821297
F36 17 AMDV free 588–942, 1676–2288 Finland/Central Ostrobothnia MG821278, MG821298
F37 17 AMDV free 588–940, 1679–2290 Finland/Central Ostrobothnia MG821279, MG821299
F38 17 AMDV positive 578–951, 1717–2294 Finland/Central Ostrobothnia MG821280, MG821300
F39 17 AMDV positive 578–951 Finland/Central Ostrobothnia MG821281
F40 17 AMDV positive 578–951, 1675–2295 Finland/Central Ostrobothnia MG821282, MG821301
F41 17 AMDV positive 578–951, 1675–2295 Finland/Central Ostrobothnia MG821283, MG821302
F42 17 AMDV positive 578–951, 1682–2295 Finland/Central Ostrobothnia MG821284, MG821303
F43 17 AMDV positive 578–951, 1675–2295 Finland/Central Ostrobothnia MG821285, MG821304
F44 18 AMDV positive 578–951, 1711–2258 Finland/Northern Ostrobothnia MG821286, MG821305
F45 19 AMDV positive 627–942, 1691–2250 Finland/Northern Ostrobothnia MG821287, MG821306
F46 19 AMDV positive 627–942, 1676–2250 Finland/Northern Ostrobothnia MG821288, MG821307
F47 19 AMDV positive 638–942, 1676–2250 Finland/Northern Ostrobothnia MG821289, MG821308
F48 19 AMDV positive 627–942, 1676–2250 Finland/Northern Ostrobothnia MG821290, MG821309
W47 Free-ranging mink 98–4447 Finland/South Karelia MG821256
W51 Free-ranging mink 98–4446 Finland/South Karelia MG821257
W181 Free-ranging mink 98–4447 Finland/Tavastia Proper MG821258
W235 Free-ranging mink 98–4447 Finland/South Karelia MG821259
W249 Free-ranging mink 150–4447‡§ Finland/Southern Savonia
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were formed in both trees constructed based on NS protein-
coding sequences (i.e. 1–700 and 1165–1864), distinct strains/
subclusters changed their positions both within and between
the clusters. In addition, the clustering pattern in the VP pro-
tein-coding region was incongruent to that observed in the NS
protein-coding regions. For example, strains W181 and W454
were placed differently in the second tree compared to the
other two trees, and strain F13 changed position between the
NS and VP protein-coding regions (Fig. 1a–c).
The changes in the clustering pattern of distinct recombi-
nant strains (suggested by RDP) into major clades A–C
(pre-determined based on nt 1–700) were further assessed
using a grouping scan (Fig. 1d) method implemented in the
SSE package. These analyses revealed major recombination
breakpoints in the NS coding region (approx. nt 1000) and
in the VP coding region (approx. nt 2000) and suggested
that many of the virus strains had two or more recombina-
tion breakpoints at varying positions in the genome.
Despite the apparently common incongruence in the deep
nodes of the phylogenetic tree, all the subclusters except 2, 4
and 10 remained congruent throughout the coding sequence
(Fig. 1a–c). This suggests that some of the recombination
events detected have occurred between the ancestors of the
strains in the dataset or that the parental strains were not
represented.
Evolutionary relationships analysed with
phylogenetic trees
To assess the rate and timeline of AMDV evolution and the
relationships between the virus strains derived from different
Table 1. cont.
Sample ID Farm no. AMDV status* Parts sequenced† Country/region GenBank accession no.
W327 Free-ranging mink 98–4447 Finland/Central Finland MG821261
W454 Free-ranging mink 98–4447 Finland/South Karelia MG821262
W456 Free-ranging mink 98–4447 Finland/Uusimaa MG821263
W458 Free-ranging mink 98–4447 Finland/Uusimaa MG821264
W106 Free-ranging marten Fractions between 110–1343‡ Estonia MG821269
*AMDV status of the farm at the time samples were taken. Samples from farms with AMDV-free status were first AMDV-positive samples from those
farms.
†Parts sequenced compared to AMDV-G.
‡Small coverage values (between 10 and 100).
§Sequence excluded from the analysis because of co-infection.
Fig. 1. Recombination and phylogenetic comparison of different regions of AMDV genome. Trees were constructed from the regions
1–700 (a), 1165–1864 (b) and 2446–3443 (c) using Beast v1.8.0. Best fitting evolutionary models were defined using MEGA. Timescales
are shown under trees, posterior probabilities above 0.9 next to the nodes, and branches are colour coded based on clusters in the
tree A to visualize recombination. The grouping scan (500 nt window and 50 nt steps) from F13, W181 and W454 (d) using groups
determined in (a) was performed with SSE. Finnish strains starting with F are from farmed mink and strains starting with W are from
free-ranging mink.
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farms and free-ranging animals, trees were constructed from
three partial regions: nt 578–951, nt 1662–2302 and nt 2417–
3413, including all GenBank sequences with known sampling
years from each region (Figs 2 and S3). The tree from nt 2417–
3413 includes a molecular clock but attempts to build a molec-
ular clock from nt 578–951 and nt 1662–2302 were unsuccess-
ful. Regions nt 578–951 and nt 1662–2302 were chosen based
on the large amount of sequences available, and nt 2417–3413
because of the absence of recombination. The entire coding
sequences were not used because of the observed recombina-
tion events.
Finnish virus strains can be found from almost all of the major
branches in the phylogenetic trees, forming 3–8 different clus-
ters instead of a single country-specific cluster (Figs 2a and S3).
Typically, sequences from one farm clustered together, with
the exception of farm 19 (F45–F48), in which highly divergent
strains were present at the time of sampling.
The smallest estimated time of most recent common ancestor
(tMRCA) for the Finnish strains and strains from other coun-
tries in the phylogenetic tree based on nt 2417–3413 was
16 years (95% HDP=9–28 years) (Fig. 2b, node E). The
smallest estimated separation time of Finnish free-ranging
strains and farm strains was 18 years (95% HDP=12–30 years)
(Fig. 2b, nodeH).
The mean evolutionary rates calculated from the trees of
Fig. 1, the rates were 3.386710 3 (95% highest posterior
density, HPD, interval [1.816110 3, 5.003610 3]),
4.47810 3 (95% HPD interval [2.457110 3,
6.789310 3]) and 1.877810 3 (95% HPD interval
[9.435710 4, 2.911710 3]) nt substitutions/site/year for
the regions 1–700, 1165–1864 and 2446–3443. The mean
rate from the tree containing all available sequences of
region 2417–3413 (Fig. 2b) was 9.052910 4 (95% HPD
interval [4.342310 4, 1.384810 3]). The evolutionary
rate varied between some branches, e.g. the branch separat-
ing farms with continuously circulating virus (samples F24–
F34) from others had a higher evolutionary rate in the cap-
sid protein-encoding region (Fig. 2b, node A).
DISCUSSION
In this study, we sequenced the entire genome from 30 sam-
ples and shorter regions from several other samples from
Fig. 2. Evolutionary rate and molecular clock analysis using Bayesian phylogeny. Phylogenetic tree from nt 578–951 (a) without
molecular clock and from nt 2417–3413 (b) with molecular clock. Posterior probabilities above 0.9 are shown next to the nodes.
Sequences from different countries in (a) are colour coded. Node ages and ranges of selected nodes of (b) are marked next to the tree,
timescale is shown under it, and evolutionary rate from slower to faster is indicated with black-red gradient. Finnish strains starting
with F are from farmed mink and strains starting with W are from free-ranging mustelids.
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both farmed and free-ranging mink. We demonstrated that
AMDV strains are highly diverse in Finland and globally
(Figs 2a and S3), which has also been observed previously
[34], and suggest that there has been extensive virus
exchange between countries. These results support the
hypothesis that AMDV has, in recent decades, been intro-
duced into Finnish mink multiple times [27]. The first mink
were transported to Scandinavia from Canada and the USA
by 1920, and mink farming in Finland began in the 1930s,
but the exact origin of Finnish mink is unclear [35, 36]. The
first observations of free-ranging mink in Finland occurred
already in 1932 [37]. Currently, around 300 mink farms
operate in Finland and over 95% of them are located in
Ostrobothnia, the western part of the country [35].
The free-ranging and farm strains were mixed in the phylo-
genetic trees, suggesting that the virus is transmitted
between farms and the wild. However, it is not clear how
much of this occurred decades ago and how much is still
happening today, as we found no evidence of recent virus
transmission between farms and the wild, and the smallest
suggested separation time between the virus lineages
detected from farm and free-ranging animals was 18 years.
The strains from Finnish free-ranging animals do not form
their own group, in contrast to the AMDV strains in wild
mink in Poland [38]. Yet many of the virus lineages detected
from free-ranging mink appear to evolve independently
from farm strains, and it is possible that the virus has spread
to Finnish wildlife as soon as mink farming started in Fin-
land. However, we cannot exclude the possibility that there
is also current virus transport between farms and the wild
based on the limited sample size. It should also be noted
that, with the current, limited dataset, the reported tMRCAs
should be treated as rough estimates, especially regarding
the deep nodes of the phylogenetic trees, where the confi-
dence intervals of the estimated tMRCAs span several
decades.
The AMDV strains from free-ranging mink appear to have
significantly higher within-sample variation than farmed
strains have. One explanation for this observation is that
free-ranging mink may have carried the virus for a longer
time than farmed animals, which mostly live for less than a
year, and hence the virus has less time to evolve. Another
explanation for the difference in variation could be that
free-ranging animals are more frequently infected with
more than one virus strain. The mink is a territorial animal
and might not be exposed to several virus strains directly,
but since AMDV remains infectious for a long time in the
environment, indirect exposures are likely to occur fre-
quently. Although evidence of co-infection was observed
only in one free-ranged individual (W249) (Fig. S1), this
does not rule out the possibility of co-infection with a low
copy number virus strain. Furthermore, co-infections have
been reported earlier in parvoviruses [28, 39], and co-infec-
tions by closely related strains are difficult to detect.
AMDV strains seem to spread efficiently between and
within farms. Their efficient spread may lead to farms
having multiple strains simultaneously, which, if several
virus strains infect one animal, may lead to recombina-
tion. Recombination events increase the genetic diversity
of circulating virus strains, and potentially, may lead to
the appearance of more virulent strains. Previous studies
have shown frequent recombination among parvoviruses
[40–42]. For AMDV, the Canadian virus strains have
reportedly undergone recombination during intense farm-
ing practices [28], but previously, no recombination has
been detected in Danish [30] or Finnish strains [27].
However, these studies focused on one particular epi-
demic [30] or used a small, partial genome region [27],
hampering the detection of recombination event. Only
one of the Finnish farms in our study displayed signs of
having more than one virus strain. However, the sample
size from the farms was relatively small, eight AMDV-
positive samples per farm at most, which is too few to
exclude the possibility that other farms may also have
been infected with more than one virus strain. Clear evi-
dence of recombination was detected both in farm and in
free-ranging samples, and several recombination events
were supported both by phylogenetic trees and by group-
ing scan analysis (e.g. W181, W454 and F13, Fig. 1).
Most evident recombination breakpoints were similar to
those reported previously [28] and some of the possible
recombination events appear to have happened a long
time ago. For example, one event appeared in all the
sequences in group 6, suggesting that it had occurred
years ago (Table S1, event six), possibly even before the
ancestral virus strain was introduced in Finland. This
high level of variation and number of possible recombina-
tion events in the distant past were clearly reflected in the
phylogenetic analysis: the phylogenetic trees showed
highly variable topology depending on the genomic
region. The clustering pattern of closely related sequences
remained similar in all trees, while the relationships
between more distant groups varied. Variation of this
kind and the several recombination breakpoints in differ-
ent regions of the genome complicate the phylogenetic
analysis of AMDV strains.
Our analysis suggested a somewhat higher substitution rate
for AMDV as compared to those observed in canine parvo-
virus, feline panleukopenia virus and several other ssDNA
viruses [43–46]. Hypothetically, this might be due to the
intensive farming practices, assuming that in crowded con-
ditions virus transmission between animals occurs more fre-
quently than in less-crowded wild and companion animal
populations, leading to more virus replication cycles per
year. Further, in several cases, the evolutionary rate was
clearly higher in certain branches of the tree (Fig. 2b). Inter-
estingly, within sample variation was higher in the NS
region of farm but not free-ranging strains. Among the
farmed animals, this may be either due to more stringent
negative selection posed on the VP region than the NS
region or increased positive selection in the NS region.
However, further studies are needed to understand this
observation.
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Attempts to obtain complete genome sequences from free-
ranging animals other than mink, and some samples from
AMDV-positive farms, were unsuccessful. This is probably
due to the high diversity of AMDV strains, and thereby mis-
matches with our primers. Amplification of these strains
would require further optimization of the primers able to
amplify more divergent ADMV strains, or the development
of alternative, PCR-free, approaches. This new information
on the diversity of Finnish strains will enable us to improve
diagnostic tests, locate sources of infection, and thus hope-
fully have better success in eradication efforts. These results
will also help us to define the effect farming and man-made
populations have on disease ecology and virus–host
dynamics.
METHODS
Samples and selection of AMDV-positive
individuals
This study included samples from Finnish fur farms differ-
ing in their AMDV status and free-ranging mustelids from
Finland and from Estonia. Fin Furlab provided 52 samples
from 24 fur farms whose AMDV seroprevalence varied
between 0 and 86%. DNA had already been isolated from
spleen tissue, and all samples were AMDV DNA-positive
based on diagnostic PCR described by Knuuttila et al. [19].
The samples were collected in 2015–2017. Because all the
farm samples were originally collected for diagnostic pur-
poses, no ethical permission for animal experiments was
mandatory. The AMDV DNA-positive free-ranging mus-
telid samples originated from Knuuttila et al. [19] and
included 33 samples from mink, five from martens, two
from polecats and four from badgers originating from
southern and eastern Finland, and from Estonia.
Whole-genome sequencing
The complete coding regions were first amplified by PCR;
the amplification products were then subjected to Illumina
MiSeq sequencing. Modified primers from Hagberg et al.
[29] in PCR allowed amplification of the entire coding
sequence. Primers were modified to match all the complete
AMDV sequences published in GenBank by summer 2016,
and the AMDV genome was amplified in one fragment by
the primers AMDVF1 and AMDVR3, or in two fragments
by the primers AMDVF1 and AMDVR2 as well as
AMDVF2 and AMDVR3. All the primer sequences of this
study are shown in Table S2. The product sizes were 4390,
3240 and 3022 bp. PCR reactions contained 0.5 µl of Pri-
meSTAR GXL DNA polymerase (TaKaRa), 5 µl of 5x Pri-
meSTAR GXL buffer, 2 µl of 2.5mM deoxyribonucleotide
triphosphate (dNTP), 0.75 µl of 10 µM forward primer,
0.75 µl of 10 µM reverse primer, 11 µl of water and 5 µl of
template DNA. The cycling conditions were: 35 cycles (PCR
in one fragment) or 30 cycles (PCR in two fragments) of
denaturation at 98

C for 10 s, annealing at 57

C for 15 s,
and extension at 68

C for 4.5min. PCR products were ana-
lysed in a 0.8% agarose gel stained with GelRed (Biotium).
These products were purified according to manufacturer’s
instructions with the GeneJET PCR purification kit
(Thermo Scientific) with products from the same sample
combined. NGS libraries were prepared with the Nextera
XT DNA Sample Preparation and the Nextera XT Index Kit
for 24 Indexes (Illumina), and sequencing was performed
with MiSeq (Illumina) using the MiSeq Reagent Kit v2-150.
Filling the gaps in the genome
Gaps present in the sequence after NGS were filled with
Sanger sequencing. These regions were amplified with PCR
using 12.5 µl of 2x Phusion Flash PCR Master Mix (Thermo
Scientific), 2.5 µl of 10 µM primers and 2.5 µl of water. Pri-
mers AMDV754 and AMDV1005 amplified the region
754–1027, AMDV1256 and AMDV1526 the region 1256–
1549 and AMDV2439 and AMDV2633 the region 2439–
2656 of AMDV-G. The cycling conditions were as follows:
initial denaturation at 98

C for 10 s, followed by 30 cycles
of denaturation at 98

C for 1 s, annealing at 56

C for 5 s
and extension at 72

C for 7 s, and final extension at 72

C
for 1 min. PCR products were run on a 1.5% agarose gel,
purified as described earlier, and sequenced with Sanger
sequencing using PCR primers. If the gap-filling PCR was
unsuccessful, Sanger sequencing was performed with the
original complete genome PCR product as a template.
Other sequencing methods
If complete genome sequencing from samples from farms
with a long-term infection was unsuccessful, two smaller
parts were sequenced using two pan-AMDV PCRs. PCR
amplifying the region 1662–2302 was described by Knuut-
tila et al. [19]. The PCR reaction amplifying the region 578–
951 contained 12.5 µl of Fermentas SYBR MasterMix
(Thermo Scientific), 6 µl of H2O, 0.75 µl 10 of µM primers
D_AMDV F 7 h PN1 and D_AMDV R 7 h PN2 [47] and
5 µl of template DNA. The real-time PCR was performed
with Stratagene Mx3005P (Agilent Technologies) and the
cycling conditions were as follows: 10min at 95

C, followed
by 40 cycles of 30 s at 95

C, 1min at 55

C and 1min at
72

C, and melting curve analysis with 1min at 95

C, 30 s at
55

C and 30 s at 95

C. PCR products were sequenced with
Sanger sequencing as described earlier.
Co-infections
To study co-infections, nt 578–951 from selected samples
was amplified with a PCR reaction that contained 5 µl of
10x Taq Buffer with (NH4)2SO4, 1 µl of 10mM dNTP, 1 µl
of 10 µM D_AMDV F 7 h PN1, 1 µl of 10 µM D_AMDV F
7 h PN1, 4 µl 25mMMgCl2, 1.25 U of Taq DNA polymerase
(Thermo Scientific), 5 µl of template DNA, and water added
to 50 µl. The cycling conditions were as follows: initial dena-
turation at 95

C for 3min, followed by 30 cycles of denatur-
ation at 95

C for 30 s, annealing at 47

C for 30 s and
extension at 72

C for 25 s, and final extension at 72

C for
7min. PCR products were purified as earlier, cloned with
PGEM-T Vector system I (Promega), plasmids from ten
clones from each sample were isolated with GeneJET Plas-
mid Miniprep kit (Thermo Scientific) and sequenced with
Sanger sequencing.
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Data analysis
The data were mapped against the reference sequence
(AMDV-G) with UGENE [48] using Bowtie2 [49] and
checked using BWA-MEM 0.7.17 [50]. Full genomes were
aligned in MEGA6 [51] using ClustalW. P-distances with
pairwise deletion and the best evolutionary models were
defined with MEGA6 [51]. Similarity scans were performed
with Simplot [52], grouping scans (500 nt window and
50 nt steps) with SSE [53], and Bayesian phylogeny with
Beast 1.8.2 [54], Tracer v1.6 [55] and FigTree v1.4.2 [56].
The combinations of three clock models (strict clock, log-
normal relaxed clock and exponential clock) and three
demographic models (constant size, exponential growth
and Bayesian skyline model) were assessed using path
sampling (PS) and stepping-stone sampling (SS) methods
and calculating Bayes factors between the different model
combinations [57, 58]. The results are given in Table S3.
Lognormal relaxed clock and the Bayesian skyline model
showed the highest marginal likelihoods with BF>20when
compared to other model comparisons. For Bayesian trees
with a molecular clock from regions 1–700, 1165–1864
and 2446–3443 (Fig. 1a–c) and 2417–3413 (Fig. 2c), anal-
ysis was performed using general time-reversible model
(GTR)+G, GTR+G, Hasegawa Kishino Yano model
(HKY)+G+I and HKY+G+I as evolutionary models, a
lognormal relaxed clock as a lock model, Bayesian skyline
as tree prior, and 50 000 000 (Fig. 1a-c) and 100 000 000
(Fig. 2c) as the chain length. For Bayesian trees without a
molecular clock from the regions 578–951 and nt 1662–
2302 (Fig. 2a–b), analysis was performed using GTR+G+I
and GTR+G as evolutionary models and 20000000 as the
chain length. Recombination was analysed with the pro-
grams RDP [59], GENECONV [60], BootScan [61], Max-
Chi [62], Chimaera [63], SiScan [64] and 3Seq [65] of
RDP v.4.92 package [66] with the highest acceptable P-
value of 0.05. In order to estimate the intra-host variation
of the virus populations, the primer sequences and
sequences with quality score <30 were removed using
Trimmomatics [67]. The NGS data was assembled using
the BWA-MEM algorithm [50] and the potential PCR
duplicates were removed using SAMTools version 1.8 [68,
69]. The single nucleotide variants were called using
LoFreq version 2 [70]. Statistical tests were performed
with IBM SPSS statistics 24.
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